This paper reports a longitudinal study, conducted in 1989/90, of 1893 children aged 5 to 14 years in 9 poor urban areas of the city of Salvador (population 2 . 44 million), capital of Bahia State in northeast Brazil. Stool examinations were performed to measure nematode infection and reinfection 9 months after treatment, and an extensive questionnaire was applied to collect information on each child and on the conditions of the household. Comparison of areas with different levels of infrastructure showed the following trends as the level of community sanitation improved : clustering of cases by household became more significant, predisposition of individuals to reinfection and to heavy infection became more marked, and infections with different species were increasingly aggregated in the same individuals. These results suggest that sewerage and drainage can significantly reduce transmission of intestinal nematode infections in the public domain, but that other measures are required to control transmission within the household.
I N T R O D U C T I O N
Much of the literature on the dynamics of infection with intestinal nematodes has tended to consider the host's environment as given, and discussed parameters such as worm aggregation and the predisposition of hosts to reinfection, and to intense reinfection, as if they were intrinsic characteristics of the parasite (Anderson, 1986) .
Most authors are careful to state that worm aggregation and predisposition may be the consequence of differences either in host susceptibility or in exposure. However, while chemotherapy and vaccines are in the minds of many (Anderson & Medley, 1985 ; Bundy, Chan & Guyatt, 1995) , the idea of altering exposure by environmental or behavioural changes is rarely mentioned in this connection (Kloetzel, 1990) . The effect of different environments on transmission dynamics has rarely been studied, with few exceptions (Bundy & Cooper, 1988) .
The distinction is more than academic. If predisposition has its roots in the differential susceptibility of individuals to infection, it indicates that some individuals at least can resist infection, and that studying the mechanism of their resistance could lead to effective preventive measures. If, on the other hand, predisposition to reinfection depends on differential exposure, it suggests an alternative path to a very different type of preventive measure, based on environmental or behavioural change.
We have recently shown how improved urban drainage and sewerage in poor areas of the city of Salvador was associated with a lower incidence of diarrhoea (Moraes et al. 2003) and prevalence of intestinal helminths (Moraes, Cancio & Cairncross, 2004) . Changes in the pattern of risk factors were suggestive of a reduction in transmission in the public domain, relative to domestic transmission (Cairncross et al. 1996) . In this paper we report how improved environmental sanitation was also associated with other differences in the pattern of infection and reinfection with Ascaris lumbricoides, Trichuris trichuria and hookworms, particularly aggregation by household and predisposition to reinfection.
M A T E R I A L S A N D M E T H O D S

Study area and population
The study area included 9 low-income areas in Salvador. Three of these had no sanitary infrastructure (Study Group 1), 3 had benefited from a surface water drainage system in the early 1980s (Group 2) and 3 more had received drainage and also sewerage in the middle 1980s (Group 3). The 3 communities in each study group were chosen at random from the full list of such neighbourhoods (6, 17 and 11 respectively) with each level of infrastructure in the Camurujipe valley.
Details of the selection and characteristics of the study population of 1893 children aged 5 to 14 years, of the sanitation interventions implemented in 6 of the 9 study areas, and of the collection and examination of stool samples, have been described elsewhere (Moraes et al. 2003 (Moraes et al. , 2004 . The hookworm species Necator americanus and Ancylostoma duodenale were not distinguished although N. americanus is predominant in Salvador (Faria, 1972) .
The first stool examination was performed on 210 children in each neighourhood. Free treatment (200 mg of mebendazole daily for 3 days) was then offered, and accepted by all those examined. Their parents and families were not treated. To ensure that all children took the drug correctly, the field worker asked the mother and the child separately about the treatment and matched their responses. Fifteen days after treatment, a second stool sample was taken from 5 % of these children to check the efficacy of the drug.
Nine months after treatment, stool samples were again collected from all study children, and free treatment was again offered to all those children examined. During the interval, anthelmintics were taken by only a few families and these were excluded from the analysis.
The field was monitored throughout the study period as part of a parallel longitudinal study of diarrhoea. No new physical intervention took place in any of the study neighbourhoods, nor were substantial community-wide changes observed in the households studied that could contribute to alter their health status.
Ethical approval for the study was given by the Department of Health of the State of Bahia, which collaborated in the research. Informed consent was sought at community and at household level. After each round of stool examinations, the results were offered in confidence to the children's parents, assuring complete confidentiality. At the conclusion of the study, further meetings were held to present the results, and a detailed report given to each resident's association so that they could use the findings to lobby the City Administration for better sanitation.
Data handling and analysis
Data analysis was performed using SPSS/PC+ version 4.0.1. Additional quality control checks were performed before and after data entry. The statistical techniques used included : Chi-squared tests for general associations and for trends in proportion, and Student's t-tests and one-way analysis of variance for comparing group means. Because the distribution of egg counts was highly skewed, the average intensity was calculated as the geometric mean of eggs per gram (epg) for those infected. In order to avoid comparisons with very small numbers of cases, ' heavy ' infection was defined as having an egg count in the top 20 % of the range (Forrester et al. 1988) for each nematode and study group.
R E S U L T S
Study population
A total of 1928 children aged between 5 and 14 years were found in 795 households of the total of 1005 households surveyed in the 9 study neighbourhoods. In each of Groups 1 and 2 a sample of 631 children was taken from 670 and 657 children surveyed, respectively. The excluded children were those nearest to the boundaries of the age range studied. In Group 3, where 601 children aged 5 to 14 years were found in the households surveyed, 30 additional children were selected to complete the sample size from the same households but aged 4 years and 15 years. For the purposes of the study they were treated as if aged 5 and 14 years, respectively. The total sample size was thus 1893 children.
The distribution of the children with regard to age and sex is presented in Table 1 . In all 3 study groups there were more children in the younger than the older age groups. No significant differences were found between the study groups regarding the age and sex distributions. Also shown are the initial prevalences of infection with each helminth (Moraes et al. 2004) .
The households that participated in the nematode study presented similar characteristics to the total of households surveyed (Moraes et al. 2003) . No significant differences were found between the study groups in access to electricity, number of bedrooms, household size, religion, animals in the house, type of water supply, or household heads' or mothers' occupations. 
Efficacy of treatment
Fifteen days after treatment a second stool sample was taken randomly from 5 % of the infected children and examined to assess the efficacy of cure. Judged by the absence of nematode eggs in a child's stool after treatment, 89 % of the infected children were then free of A. lumbricoides, 93 % were free of hookworm and 69 % were free of T. trichiura. No significant differences in efficacy of cure were found between the 3 study groups. Moreover, the egg counts in the few children found to be still infected were very low (the reduction in average intensity for Ascaris was more than 98 %, for Trichuris over 97 % and for hookworm more than 95 %).
Household clustering of infection
Using the results of the first round of stool examinations, frequency tables (not shown) were constructed for each nematode, and for each study group, indicating the number of households found to have 1, 2, 3 or more infected children, by the number of children examined in the household. The expected numbers, for the households with each number of children examined, were calculated from the binomial distribution. The observed and expected frequencies (combining all households) were compared using the Chi-squared significance test, and the overall results are presented in Table 2 . There was a tendency for more households to occur with no infected children, or with more than 3, 2 or 1 infected with Ascaris, Trichuris and hookworm respectively, than would be expected if infected children were randomly distributed. Significant household clustering was observed for A. lumbricoides (P<0 . 01) and hookworm (P<0 . 05) in study Groups 2 and 3 with environmental improvements, but it was not significant in Group 1, the nonintervention group, for any of the nematode species. The appearance of significant household clustering in the 2 study groups with sanitation interventions occurred in spite of the smaller numbers of infected children in those groups. Other things being equal, the smaller numbers would be expected to make any trend less likely to be statistically significant. Indeed the worm species for which this clustering is not significant, Trichuris, is the one for which the prevalence of infection is not much lower in the intervention groups.
Reinfection after chemotherapy
Of the initial 1893 children, 138 were lost to the study as they could not be examined 9 months after treatment ; this loss of 7 . 3 % varied between study groups from 5 . 4 % to 8 . 7 %. All these losses were due to the child's family moving away. Those children treated by their parents with anthelminthic drugs between the two examinations (5 . 4 %) were also excluded, resulting in a total loss during the study period of 241 children, or 12 . 7 % (10 . 9-14 . 6 %).
Figs 1 and 2 show the prevalence and the geometric mean intensity of infection with Ascaris, Trichuris and hookworm in each study group before and 9 months after treatment. The prevalence and intensity reached by Ascaris and hookworm after 9 months were similar to those before treatment. After reinfection, the relative intensities of Ascaris and Trichuris infections in the 3 study groups were similar to those before treatment, but for hookworm the anomalously high intensity found in Group 3 before treatment was no longer apparent.
Predisposition to reinfection
In considering a child's reinfection status, 4 possible combinations exist : a child may have been infected at the first examination and at the end of the reinfection period (++), at the first examination but not at the end (+x), at the end but not at the first examination (x+), or at neither (xx). Table 3 shows the numbers of children in each category, for each species.
From Table 3 it can be calculated that, for children in Group 1, the relative risk that those infected with Ascaris before treatment would again be infected 9 months later, when compared with those children who were initially uninfected, was 1 . 30 (66 . 0% vs. 50 . 8 %). In each case, this predisposition to reinfection by previously infected children is highly significant (Table 4) . However, it is not constant across the study groups. For Ascaris in Groups 2 and 3 the relative risk is 2 . 33 and 2 . 20 respectively. Similar patterns can be seen for Trichuris and hookworm. For each species there is a tendency for the relative risks to be greater in Groups 2 and 3 (the groups with sanitary infrastructure) than in Group 1, the non-intervention group. While the reinfection rates decrease slightly from Group 1 to Group 3, the new infection rates fall more sharply. The same analysis was performed with regard to heavy infections. Again, there are 4 possible combinations : a child may have been heavily infected at the first examination and again at the end of the 9 months reinfection period (HH), heavily infected at the first examination but not at the end (HL), heavily infected at the end but not at the first examination (LH), or uninfected, lightly or moderately infected in both examinations (LL) ( Table 5) .
For the 3 nematodes studied, the predisposition to heavy infection by previously heavily infected children was highly significant in all 3 study groups (Table 6 ). The relative risk of those heavily infected before treatment being again heavily infected 9 months later (HH), when compared with those who were not heavily infected initially (LH), was greater in Groups 2 and 3 for Ascaris, Trichuris and hookworm than in Group 1. For all 3 species, the heavy reinfection rates were similar in the 3 study groups but the new heavy infection rates decrease from Group 1 towards Group 3 (Table 5) ; this determines the relative risk patterns in Table 6 .
The household size and age of children lightly and heavily reinfected in the 3 study groups were checked and found to be similar, indicating that heavy infection was not a consequence of the household size or number or age of children. 
Predisposition to infection with multiple species
An interaction was apparent between infections with different species. Table 7 shows that, taking 2 species at a time, children infected with 1 species are more likely than others to be infected with the second. The relative risks are significantly greater than 1 for Ascaris vs. Trichuris, Ascaris vs. hookworm and Trichuris vs. hookworm. For each pair of species they are greater in Groups 2 and 3 than in Group 1 ; with the single exception of Trichuris with hookworm in Group 3, they are significantly so (Table 8) .
The same pattern could be seen with respect to reinfection after treatment, and also heavy infection and reinfection as defined above (data not shown).
D I S C U S S I O N
In a previous paper (Moraes et al. 2004) , we showed how the epidemiology of 3 species of intestinal nematode in low-income areas of Salvador differs between areas with and without sanitation infrastructure. As the level of sanitation improved (passing from Group 1 to Group 2 and then to Group 3), the following trends could be noted : (i) prevalence and (for Trichuris) intensity of infection declines ; (ii) risk factors for infection become more numerous and more significant, particularly for Ascaris and Trichuris.
In the present paper, we have documented the following further trends : (i) clustering of cases by household becomes more marked, and hence more significant ; (ii) prevalence and (in the main) intensity of reinfection decline; (iii) predisposition of individuals to reinfection and to heavy reinfection becomes more marked ; (iv) interaction between infections with different species becomes stronger. Some of these aspects, particularly predisposition, are at times considered as if they were purely biological factors. For example, when Anderson (1986) noted that predisposition is often statistically stronger in the younger age groups, he considered only immunological explanations ; and Bundy et al. (1985) used a model whose parameters were based on data from a Jamaican orphanage to analyse the transmission dynamics of Trichuris in the different environment of villages in St Lucia.
However, the results presented here have shown all these aspects to vary in a consistent manner, with few exceptions, between communities whose principal difference is their level of environmental sanitation infrastructure. It is hard to avoid the conclusion that these trends are consequences of the sanitation improvements. To the extent that this is so, these phenomena cannot be entirely explained by biological factors such as variations in host susceptibility ; rather, we must seek causes in the host's environment, where the parasites are transmitted.
Our study was not designed to permit analysis of the data by individual community without prejudice to the statistical significance of many of the results reported here. However, we saw no evidence that any of the communities was significantly different from the other two in the same exposure group with regard to the patterns of infection we describe.
Household clustering
Clustering of intestinal helminth infections by household is a well-known phenomenon, although less common in hookworm (Killewo et al. 1991 ; Behnke et al. 2000) . Indeed Cort, Schapiro & Stoll (1929) concluded from their classic studies that the family, and not the individual, should be considered the unit of infection. What is new in the present study is the finding that the degree of clustering by household depends on environmental conditions. There are two ways in which the environmental transmission of intestinal helminths could produce a pattern of infection clustered by household. First, a substantial amount of transmission could be occurring within the domestic domain of the household, from one member to another (Cairncross et al. 1996) . Second, if the characteristics of some households are such as to expose them heavily to infection from other households (for example, in a household living beside an open sewer), then cases of infection are likely to be clustered in such households in a nonrandom way. Indeed, for Ascaris and Trichuris, though not for hookworm, we found more significant household risk factors in the groups with infrastructure than the control (Moraes et al. 2004) .
Whichever phenomenon is the cause of the household clustering (whether intra-or interhousehold transmission is primarily responsible), its variation between study groups leads to the same conclusion ; the component of transmission which has been prevented by sanitation is less affected by the characteristics of the household than the component which remains.
Prevalence and intensity of reinfection
The decline in overall prevalence and intensity of reinfection from Group 1 to Group 3 confirms our previous finding (Moraes et al. 2004 ) that the sanitation measures had succeeded in controlling transmission, or at least an important component of it. It does not always follow that use of toilets will reduce transmission of intestinal helminths (Gross et al. 1989 ; Asaolu et al. 2002) , but community sanitation infrastructure may have more impact, by preventing contamination of the public environment with worm eggs, than the facilities enjoyed by individual households .
Predisposition to reinfection
We found that children initially infected with an intestinal helminth species were more likely than others to be reinfected after treatment. Predisposition to reinfection has been reported after one chemotherapeutic intervention for Ascaris (Thein-Hlaing, ThanSaw & Myint-Lwin, 1987 ; Forrester et al. 1990 ), Trichuris (Haswell-Elkins, Elkins & Anderson, 1987 Bundy et al. 1987) and hookworm (Behnke et al. 2000 ; Quinnell et al. 2001) .
To some extent, apparent predisposition to reinfection could arise from imperfect efficacy of cure. Some children would appear to have been reinfected, when in reality they had remained infected throughout because the drug failed to eliminate all their parasites. However, the predisposition was strongest for hookworm, for which the treatment was most efficacious. Moreover, this cannot explain the varying strength of this predisposition across the study groups ; as noted above, no significant differences in efficacy of cure were found between the 3 study groups.
We also found that this predisposition was stronger in the study groups with sanitary infrastructure. As with household clustering, this can be explained to some extent by the increased importance of household risk factors in those study groups ; children in the households which are more exposed to infection are more likely to be infected and also to be reinfected.
The strength of predisposition to heavy infections also increased across the study groups. Predisposition to heavy infection with Ascaris, Trichuris and hookworm has been demonstrated in various countries (Behnke et al. 2000 ; Bundy et al. 1987 ; Forrester et al. 1990 ). Some studies (Forrester et al. 1990 ; Chan, Bundy & Kan, 1994 a) have documented such predisposition at the family level. The factors responsible for predisposition to heavy infection may be related to susceptibility or exposure. Some studies have suggested that predisposition is affected more by environmental factors than genetic ones (Bundy & Cooper, 1988 ; Chan, Bundy & Kan, 1994 b) , and geneticists admit that genetic effects explain less than half the variance in human worm burden (Quinnell, 2003) . Others have suggested behavioural factors, in the context of a faecally contaminated environment (Haswell-Elkins et al. 1988) .
Such predisposition has been shown here to be dependent to a certain extent on environmental conditions ; to that extent, it is not related to susceptibility. The higher degree of predisposition to reinfection encountered in the communities with improved sanitation must therefore be explained largely in terms of the environmental conditions of the individual and the household, whether these refer to (i) environmental hygiene in general, or (ii) the degree to which the household environment has remained contaminated with worm eggs or larvae excreted before the first round of chemotherapy. In either case, it is suggestive of transmission in the domestic, rather than the public domain (Cairncross et al. 1996) .
Interaction between species
Of course, the second explanation above cannot account for the association found between infections with different species of helminth in the same children. Not all of those who have looked for such an association have found it (Croll & Ghadirian, 1981 ; Kroeger et al. 1992) , suggesting that it is at least variable between different settings. Whether or not there is a biological factor which could account for it, the tendency for the interaction to be stronger in the neighbourhoods with better sanitation facilities suggests an environmental explanation ; that the environment and behaviour of certain households, in certain neighbourhoods, renders them far more exposed to faecal contamination than others, and hence more exposed to infection with various species of geohelminth.
Conclusions and implications
The evidence from a number of aspects of the epidemiology of 3 different species of parasite all points in the same direction. That is, that where sanitation is lacking, a significant part of transmission occurs in ways which are not affected by characteristics of individual households, and therefore out of their control. It is reasonable to presume that this transmission occurs outside the household, somewhere in the public domain.
This component would appear to be largely controlled by sanitation improvements, leaving a residual degree of transmission which does depend on household risk factors, and presumably occurs within the domestic domain, the household environment and the areas immediately adjoining it.
While public domain transmission is clearly beyond the control of individual households, so also may some forms of transmission in the domestic domain; for instance, proximity to overflowing or visible sewage or rubbish. The significance of risk factors such as these is an indication that the health impact of the environmental sanitation could have been greater if the system had been properly maintained.
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